Objective: To determine whether the age-related decrease in resting energy expenditure (REE) is explained by variations in body composition. Design: In Study 1, adult subjects (20-70 years) from the Québec Family Study were classified into five different age groups. Body composition was measured by hydrodensitometry to determine fat mass and fat-free mass as predictors of REE. In the youngest group of individuals these predictors were used to plot a reference regression that was then used to predict REE in the other age groups. In Study 2, this issue was investigated in a longitudinal design (6-year follow-up). Subjects were subdivided into three groups and a reference regression was plotted at the beginning of the follow-up and was then used to predict REE 6 years later in the three age groups. Subjects: In Study 1, 627 adults (288 men and 339 women), aged between 20 and 70 years. In Study 2, 191 adults (93 men and 98 women). Results: In Study 1, measured REE was 329, 302, 528 and 636 kJ/day (Po0.0001) below predicted REE at 34, 44, 54 and 64 years, respectively. In Study 2 the most marked deviation from predicted REE in response to the 6-year follow-up in men was observed in young adults (À548 kJ/day, Po0.001) while in women, the largest deviation occurred later in life (À720 kJ/day, Po0.001). Conclusion: Aging is accompanied by a decrease in REE that is significantly greater than what is predicted by variations in body composition. This decrease may reach a mean level of about 500-800 kJ/day.
Introduction
Most industrialized countries are now faced with aging populations. Aging is commonly associated with glucose intolerance (Kahn et al., 1991) , hypertension (Applegate 1992) , dyslipidemias (Chumlea et al., 1992; Katzel et al., 1993) and other complications that might be due in part to age-related changes in body composition which, more often than not, translate into increased adiposity. Indeed, although middle-aged individuals may adopt healthier behaviors, such as increased physical activity participation, decreased fat consumption and increased complex carbohydrate intake which should favor the maintenance of a stable body adiposity, they nonetheless display increased body fat over time (Tremblay et al., 1998) .
Changes in body composition could partly explain the age-related decrease in resting energy expenditure (REE). Since REE represents the largest fraction of total daily energy expenditure (EE) and since fat-free mass (FFM) is the main contributor to REE (Ravussin et al., 1986) , it is not surprising to observe changes in EE in aging individuals (Poehlman and Horton, 1990; Vaughan et al., 1991; Poehlman, 1993; Roberts et al., 1995; Horber et al., 1997) . Indeed, aging is accompanied by a decrease in FFM (Rudman 1985; Shimokata et al., 1989; Zamboni et al., 1992) more commonly known as sarcopenia (Evans and Campbell, 1993) . However, changes in body composition cannot entirely explain the age-related decrease in REE (Poehlman et al., 1992; Piers et al., 1998; Hunter et al., 2001) . As aging has been shown to be associated with a decrease in b-adrenergically stimulated thermogenesis (Kerckhoffs et al., 1998) and since sympathetic nervous system activity is a determinant of facultative thermogenesis (Saris, 1995) , it is possible that older individuals are characterized by a decrease in REE that exceeds what can be predicted from changes in body weight and composition. Such a phenomenon has previously been identified in humans subjected to weight loss therapy in whom a portion of the decrease in REE could not be explained by changes in body weight or composition (Leibel et al., 1995; Doucet et al., 2001) .
The aim of the present study was to extend these investigations by examining the age-related decline in REE with the preoccupation to quantify the extent to which this decrease may exceed what is predicted by changes in FFM and fat mass with age. These issues were examined crosssectionally in adults ranging in age from 20 to 70 years who were stratified into 5 age groups and in a prospective 6-year follow-up period.
Subjects and methods

Study 1
A total of 627 adult subjects (288 men and 339 women), aged between 20 and 70 years, in whom all variables of the present study were available were selected from Phase 2 of the Quebec Family Study (QFS). Subjects were from families of French descent from the greater Québec city area who were recruited to participate in this study (Bouchard, 1996) , which received approval from the Laval University Medical Ethics Committee. Subjects were subdivided into five different age groups as follows: group A (20-29.9 years), group B (30-39.9 years), group C (40-49.9 years), group D (50-59.9 years) and group E (60-69.9 years). The number of subjects in each group was: 213 subjects in group A, 89 subjects in group B, 119 subjects in group C, 153 subjects in group D and 53 subjects in group E.
Study 2
A total of 191 adults (93 men and 98 women) participated in Study 2 for whom values were available at Phase 2 of the QFS and, on average, 6 years later at a follow-up visit at Phase 3. Subjects were subdivided into three different groups on the basis of the information collected in Phase 2: AA (20-29.9 years), BB (30-49.9 years) and CC (50-70 years). The number of subjects in each group was as follows: 78 subjects in group AA, 53 subjects in group BB and 60 subjects in group CC. In this study, as in Study 1, the health status of subjects was perceived as representative of the Canadian population.
Measurements (Studies 1 and 2) Anthropometric measurements and body composition. Body weight was measured with a standard beam scale whereas body density was estimated by hydrodensitometry (Behnke and Wilmore, 1974) . The closed circuit helium dilution method (Meneely and Kaltreider, 1949) was used to assess the residual lung volume. The Siri formula (Siri, 1956 ) was used to estimate the percentage of body fat from body density. Fat mass (FM) was calculated from the percentage of body fat and body mass. FFM was then calculated by subtracting fat mass from body weight.
Resting energy expenditure. REE was measured by indirect calorimetry early in the morning after a 12-h overnight fast. Subjects were asked to refrain from physical activity on the day before this measurement. The subject was also requested to take a habitual night of sleep prior to measurement. The level of activity between wake-up time and the beginning of the measurement in our laboratory was also standardized, by requesting the subject to only perform low-intensity activities. Therefore, the transportation to the laboratory had to be done by car or bus or only required a short low-intensity walk. When relevant, the subject also had to abstain from smoking on the morning of the measurement. Upon arrival to the laboratory, the subject was questioned about his compliance with these guidelines. Indirect calorimetry was performed over a 30-min period though an open-circuit system with a ventilated hood. The subject rested over the first 20 min to reach a standardized resting state after which expiratory gases were analyzed for 10 min to calculate respiratory quotient and REE. Gas analyses were assayed with an infrared carbon dioxide analyser (Amatek S-3A, Thermox Instruments Division, Pittsburgh, PA, USA) and a zirconia cell oxygen analyser (Amatek CD-3A). Analysers were calibrated before each test. The Weir formula (Weir, 1949) was used to determine the energy equivalent of oxygen volume.
Dietary intake and EE of physical activity. Dietary habits were assessed by a 3-day dietary record . All subjects were requested to record their dietary intake during two week days and one week-end day. Nutritionists explained to each subject how to complete the forms. Subjects were supplied with a balance, measuring cups and spoons to facilitate the measuring procedures. A nutritionist reviewed the records together with the subjects during an interview. The Canadian Nutrient File (Canada, 1991) was used to quantify energy and nutrient content of foods. Daily physical activities were evaluated with a 3-day physical activity diary. This diary was designed to estimate physical activity level (METs values) by reporting the main activity Energy expenditure and aging G Alfonzo-González et al performed during each of the 96 periods of 15 min on each testing day. Activities were coded from 1 to 9 depending on their intensity, corresponding to a range of 1-7.8 METs (1-7.8 times estimated basal EE). As for the 3-day dietary record, this diary was filled during two week days and one week-end day, as previously described .
Calculation of predicted REE Study 1. A stepwise multiple regression analysis was first performed in subjects of group A to determine the best predictor of REE. Independent variables included in the model were as follows: height, sex, FFM and FM. From these analyses, the following regression equation was obtained: 
were then used to predict REE from FM and FFM measured during the Phase 3 examination 6 years later.
Statistical analysis
All analyses were performed with version 3.1.6.2 of Jump Software from the SAS Institute (Cary, NJ, USA). As indicated above, a stepwise multiple regression analysis was performed to determine the best predictors of REE in both Studies 1 and 2. Minimal probability level to enter a variable in the model was set at Po0.05. In Study 1, the comparison between age groups was performed by means of a two-way ANOVA with age groups and sex as independent variables. Moreover, an ANCOVA analysis was performed to determine whether deviations in REE between age groups were independent from differences in EE of activity derived from the physical activity diary as well as from the amount of daily vigorous periods of physical activity. The comparison of measured and predicted values of REE within each group was performed by paired t-test analysis. In Study 2, a one-way (sex) ANOVA for repeated measurements was performed. Comparisons of measured and predicted values of REE within each group at Phase 3 were performed by means of paired t-tests. Deviations from predicted REE between age groups were assessed with a two-way ANOVA with age group and sex as independent variables. As in Study 1, an ANCOVA was used with age group and sex as independent variables and EE of activity derived from the physical activity diary as well as amounts of daily vigorous activity periods as covariates. Since the activity diary was not available in all subjects, the ANCOVA was used in a slightly reduced sample size. All data are means7s.d. (s.e.m. in figures) and differences were considered to be significant at Po0.05.
Results
Study 1
Subjects characteristics are presented in Table 1 . There was approximately a 10-year age difference between the groups. A significant age group effect was observed for all variables except for EE of physical activity. Moreover, a significant sex difference was observed for most variables, except for BMI. The significant age group by sex interaction for energy intake revealed that in men, energy intake decreases with aging while this variable was the same across age groups for women. Table 2 presents the results related to REE. Significant age group as well as sex effects were noted for both measured and predicted values of REE. Moreover, predicted values of REE were significantly greater than measured values in all age groups with the exception of group A, as expected. Figure 1 presents deviations of measured REE from the predicted values of REE. Deviations from the predicted values in group B (À329 kJ/day), C (À302 kJ/day), D (À528 kJ/day) and E (À636 kJ/day) were accentuated with age (Po0.0001). Results from the ANCOVA analysis revealed that the deviations from the predicted value of REE were independent from differences in EE of physical activity as well as from daily vigorous episodes of physical activity. Table 3 are the characteristics of subjects of Study 2. In group AA, a significant time effect was noted for all variables except for energy intake and EE of physical activity. The significant sex by time interaction effect for FFM and energy intake revealed that FFM tended to increase to a greater extent in women, and that energy intake decreased in men while it increased in women. In group BB, a significant effect of time was only noted for FFM. In group CC, a significant increase was noted for body weight, FM and FFM while physical activity participation was significantly decreased. BMI was also increased in both men and women, although to a slightly greater extent in women as indicated by the significant sex by time interaction. A significant effect of time was observed for measured REE in groups AA and CC, while no change was observed in group BB for this variable (Table 4 ). In contrast, predicted values of REE in all groups were increased due to changes in FM and FFM. However, a significant sex by time interaction in group AA revealed that predicted REE increased to a greater extent in men. During Phase 3 in all age groups, measured REE was significantly lower than predicted REE. Figure 2 shows the deviations from predicted REE in subjects of the three different age groups. A significant sex by age group effect was observed for deviations from predicted values of REE. For this reason, men and women are presented separately in Figure 2 . The most important deviation was observed in the AA group for men (À548 kJ/day), and it was significantly different from that of the BB (À172 kJ/day) and CC (À142 kJ/day) groups. In contrast, the largest difference in women was observed in the CC group (À720 kJ/day) but this difference was not statistically different from that of groups AA (À435 kJ/day) or BB (À364 kJ/day). However, the latter difference became different when the ANCOVA was used for statistical analysis.
Study 2 Presented in
Discussion
Numerous reports have documented the age-related decrease in resting EE (Poehlman and Horton, 1990; Vaughan et al., 1991; Poehlman, 1993; Roberts et al., 1995; Horber et al., 1997) . More recently, some researchers have shown that the decrease in REE, which accompanies aging could be independent of changes in both lean (Piers et al., 1998) and fat mass (Hunter et al., 2001) partitioning.
The results presented here lend support to the latter as they show that changes with age in REE in adults are not entirely explained by changes in body composition. Indeed, results from Study 1 show that older individuals deviate from predicted REE established from a reference group of young adults. In fact, this phenomenon is increasingly apparent Energy expenditure and aging G Alfonzo-González et al with age as deviations ranged from À319 to À637 kJ/day in adults 34 and 64 years of age, respectively. This finding has important clinical implications as it implies that even when older individuals adopt behaviors to maintain low levels of adiposity (Tremblay et al., 1998) , they have to counter the decrease in REE associated with aging. Indeed, in a longitudinal study REE was measured in a group of 286 subjects between 60 and 85 years old (Lührmann et al., 2002) . These measured REE values were used to develop a new equation to predict REE in older individuals and cross-validated with values for REE calculated with the WHO equations (FAO/WHO/UNU, 1985) and prove the predictive potential of practical variables as body weight, sex and age used by these equations. Age as variable proved to be a significant predictor of REE, which was independent of what could be explained by changes in body Energy expenditure and aging G Alfonzo-González et al composition. The decline in age-related changes in FFM composition, especially in relative masses of metabolic active organs like heart, liver, kidneys or brain and of metabolic less active tissues like muscle, bone or skin could also be responsible for the decline in REE during aging as it was discussed in some recent studies (Gallagher et al., 2000; BosyWestphal et al., 2003; Krems et al., 2005) and could also help to explain the differences between measured and predicted values (Gallagher et al., 2000; Roubenoff, 2000; Roubenoff and VA, 2000; Bosy-Westphal et al., 2003; Krems et al., 2005) . A lower than predicted REE in aging individuals is not due to changes in physical activity participation. In fact, our analyses revealed that the age-related deviations in REE were independent from both the overall level of activity as well as the number of periods of vigorous physical activity. However, it is important to indicate that although a physical activity diary has limitations including the ability of subjects to adequately perceive exercise intensity (Conway et al., 2002) , these findings likely have public health relevance. Indeed, they suggest that maintaining physical activity levels comparable to those of younger individuals may be insufficient to prevent an age-related increase in adiposity.
Although it is commonly recognized that age is accompanied by a decrease in EE, it is not clear when REE begins its decrease. However, a 6-year period among adults was sufficient in the present study to reflect a significant decrease in measured REE in both men and women of different age groups. However, the patterns were quite different between age groups and sexes. The most marked decrease in men was seen in young adults since older individuals did not seem to deviate as much from their predicted REE. In contrast, the most pronounced decrease for women occurred at older ages. The relevance of this observation is not entirely clear and will require further research.
Taken together, these observations lend support to the hypothesis that aging might be accompanied by a greater than predicted decrease in REE. Even though most studies have shown that the decline in REE that accompanies aging can be accounted for by changes in FFM (Gallagher et al., 1996) , others could not support this observation (Roubenoff, 2000; Roubenoff and VA, 2000) . However it has been recently reported that differences in REE persisted after adjustments of FFM when the latter had been measured from techniques such as bioimpedance analysis, underwater weighing or tritium dilution (Roubenoff and VA, 2000) . On the other hand, when FFM was quantified by the total body potassium technique, the age related decline in REE was no longer apparent. Hence, the decrease in body cell mass with age could be responsible for the age-related decline in REE, independently of changes in FFM (Bosy-Westphal et al., 2003) . Since it has been previously demonstrated that body cell mass can vary with age, adiposity and sex, independently of FFM (Roubenoff, 2000; Roubenoff and VA, 2000) , it is possible that a decreased body cell mass could account for our findings.
In summary, these results suggest that there is a greater than predicted decrease in REE with age that is independent of changes in FFM and adiposity. This deviation may reach on average about 500-800 kJ over three decades. Finally, it seems that the decrease is more pronounced in early adulthood in men but in later years in women. Figure 2 Deviations (means7s.e.) of measured REE from predicted REE (kJ/24 h) in different age groups in Study 2 significant effect of age at Po0.001.
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